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-shaped copper specimens are oxidized in wet air. The results show that totally no-wire structure,
CuO whiskers, and the high density of well-aligned CuO nanowires can be formed simultaneously
on the different positions of the specimen. A three-dimensional flow simulation results indicate that
the direction of velocity vectors of local gas flow affects the alignment of nanowires during
oxidation while the shear stress of flowing gas near the surface of a -shaped specimen controls the
density of nanowires. © 2008 American Institute of Physics. DOI: 10.1063/1.2940597
One-dimensional nanostructure materials1 have become
an important research field in both science and technology.
One-dimensional nanostructure provides a platform to inves-
tigate the relationship between the properties of materials
with dimensionality and size.2–6 They are also expected to
play important roles for nanodevices and integrated
nanosystems.7,8 Up until now, one-dimensional nanostruc-
tures, including nanowire, nanobelt, and nanotube, have been
produced using various synthetic approaches, such as vapor-
phase evaporation,9 chemical vapor deposition,10 sol gel,11
template-based method,12 arc discharge,13 laser ablation,14
and solution.15 A simple method of synthesis of oxide nano-
wires by thermal oxidation of metals has been reported
recently.16–18
In fact, oxide whiskers growing on the surface of metals
during thermal oxidation was observed nearly half a century
ago.19 Compared to whiskers, nanowires are characterized to
have a long length, a small diameter, or very high density.
The precise conditions under which the growth of whiskers/
nanowires by thermal oxidation occurs remain unclear. Cold
work of metals has been found to favor whisker growth.20
The oxidative environment, such as oxygen pressure,21 com-
position of gas,17,20,21 oxidation temperature, and time16,21
can greatly affect the formation of nanowires. Favorable
growth of nanowires is on specimens with small size.22 We
report that totally no-wire structure, CuO whiskers, and the
high density of well-aligned CuO nanowires can be formed
simultaneously on the different positions of the specimen
during thermal oxidation in this paper.
Commercial Cu foils with thickness of 0.1 mm purity:
99.9% Cu are cut to the size of about 384 mm2, which is
made into -shaped specimens see Fig. 1a. Specimens
are then washed in an aqueous solution of 1.5M HCl for
1 min, rinsed in de-ionized water, and then dried in nitrogen,
before oxidized in a Lindberg tube furnace with diameter of
52 mm and length of 850 mm. The specimens are placed in
an alumna crucible at 500 °C for 4 h in flowing wet com-
pressed air21 at a pressure of 1 atm and an inlet gas-flow rate
of 1.0 l /min. The flow-rate of inlet gas is measured by a
Platon gas-flow meter. Morphologies of the oxidized speci-
mens are characterized with a scanning electron microscope
STEREOSCAN 440. To prepare samples for transmission
electron microscopy TEM examination, a bottle of the eth-
anol solution with the oxide scales is placed in an ultrasonic
machine COLE-Parmer 8890 for 10 min. Then, the result-
ing solution is dropped onto a carbon coated TEM grid. TEM
image is performed on the samples on the TEM grid using a
JEOL 2010F TEM, operated at 200 kV.
A coordinate system in Fig. 1b is defined to describe
the positions on the surface of a -shaped specimen. Where
the angle  changes from 0 to 360° in anticlockwise direction
and subscripts in and out are responsible for the inner and
outer surfaces of -shaped specimens, respectively. For ex-
ample, 90in means the position of =90° and the inner
surface of a -shaped specimen, as illustrated in Fig. 1b.
Almost no-wire structure can be found on the positions
of 120out-230out and 280out-320out. As an example,
Fig. 2a illustrates complete absence of nanowires at the
position of 180out. The low density of nanowires are
formed on the other positions of the outer surfaces of a
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FIG. 1. a The front view of the dimensions of a -shaped specimen b
coordinate system to define the positions on the surfaces of a -shaped
specimen.
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-shaped specimen. Figure 2b shows a low density of ran-
dom distribution of nanowires at the position of 45out. In
general, the density of nanowires on the outer surface of the
specimens is lower than that on the inner surface. The den-
sity of nanowires in the position of 180in-195in is the high-
est. Interestingly, the nanowires in this range are well
aligned. Figure 2c shows the morphologies of nanowires at
the position of 185in of the -shaped specimen. The nano-
wires at the other positions of the inner surface of the speci-
mens are not well aligned but with high density. Figure 2d
shows the morphology of the nanowires at the position of
90in.
TEM image of a typical nanowire with diameter of about
50 nm is shown in Fig. 3. The inset on top right is the cor-
responding selected area electron diffraction pattern of the
nanowire, revealing the monoclinic structure of CuO. A high
resolution image taken on this nanowire inserted at the left
bottom in Fig. 3 shows a lattice space of 1.71A 0 2 0 plane
of monoclinic CuO. The crystal structure of oxide nanowires
formed on copper during oxidation is monoclinic CuO from
our and other researchers’ reports,16,21 which is the same as
whiskers formed on copper.23 The nanowire consisting of
higher valence oxide is explained based on the oxidation
thermodynamics.22
In order to understand thoroughly the observed phenom-
enon and investigate the effect of the gas-flow field on the
growth of nanowires, a three-dimensional flow simulation is
carried out using a Computational Fluid Dynamics solver
Fluent. The computational model and boundary conditions
are the same as those in the experiment, and the inlet gas-
flow rate is selected as 1.0 l /min. The wall shear stress the
shear stress of flowing gas near the surface of the specimen
 is expressed as
 = 
v
n
, 1
where  is the dynamic viscosity of the gas, v /n is the
velocity gradient of the gas flow, v is velocity, and n is the
normal vector of the wall surface. Figure 4a shows the
distribution of wall shear stress around a -shaped specimen
from the left- and right-side views. The values in Fig. 4a
are wall shear stress on the positions of the related surface.
Comparing Fig. 2 to Fig. 4a, it can be concluded that the
density of nanowires relates strongly to the local wall shear
stresses. Nanowires can be formed on the positions where the
wall shear stress is less than 2.510−5 Pa, as shown in dark
blue color in Fig. 4a, in which nanowires in forms as illus-
trated in Fig. 2b at position 45out, Fig. 2c at 185in, and
Fig. 2d at 90in can be observed. However, almost no-wire
structure can be found at positions 120out-240out and
280out-320out see Fig. 2a, where the local wall shear
stress is over 2.510−5 Pa. The flow pathlines around the
middle cross section of specimen are shown in Fig. 4b
front view. The direction of the flow path lines of
flowing gas are shown by the arrowed lines and are generally
from left to right. The typical morphology on the surface of
FIG. 2. Typical morphologies of nanowires formed on -shaped specimens
after the oxidation in wet air at an inlet gas-flow rate of 1.0 l /min; scanning
electron microscopy images show a nearly no-wire structure on the posi-
tion of 180out; b the low density of random orientation of nanowires on
the position of 45out, c the extremely high density of the well-aligned
nanowires on the positions of 185in, and d the high density of random
orientation nanowires on the position of 90in.
FIG. 3. TEM image of a typical CuO nanowire with diameter of about
50 nm. The inset on top right is the corresponding selected area electron
diffraction pattern of the nanowire, revealing the monoclinic structure of
CuO. The inset on left-bottom is the HRTEM of the nanowire, showing a
lattice space of 1.71 Å on 020 plane of monoclinic CuO.
FIG. 4. Color online Computer simulation of local gas-flow field around
the specimen: a the distribution of the wall shear stresses around the speci-
men from the left and right views and the values are local wall shear
stresses; b the flow pathlines of gas on the middle cross section of
specimen.
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the oxidized -shaped specimen at the positions of
180in-195in in Fig. 2c shows the high density of well-
aligned nanowires. The magnitude of the wall shear stresses
at this range is less than 2.510−5 Pa. Moreover, the align-
ment direction of nanowires coincides with the direction of
main gas flowing at inner specimen from left to right. The
results indicate that the direction of the growth of nanowires
may relate to the direction of the velocity vectors of the flow
gas.
-shaped specimens are also oxidized in dry air com-
pressed air is directly used as the oxidative gas. The density
of oxide nanowires on the whole specimen after oxidation in
dry air is much lower than that after oxidation in wet air. It
has been reported that water vapor in oxidative gas can en-
hance the formation of whiskers20 and nanowires21 during
thermal oxidation. The physical mechanism of water vapor
on whisker growth has not been understood so far. The pres-
ence of water vapor seems to affect the high temperature
creep of the oxide scale. Therefore, water vapor perhaps has
more far-reaching effects.24
From the analysis above, nanowires can be formed at the
positions of the wall shear stress of less than 2.510−5 Pa in
wet air. Nanowires in Fig. 2c are shown to align along the
direction of the main gas flow see Fig. 4b. The mecha-
nism of the nanowire growth, including the density and
alignment, is schematically illustrated in Fig. 5. Water vapor
can be easily adsorbed on the surface of oxide scale where
there is low wall shear stress. Since the gas velocity on the
surface of specimen is zero, lower velocity near the wall
indicates lower velocity gradient, i.e., lower wall shear
stress. Based on the theory of fluid mechanics, a high pres-
sure can be produced on the solid surface where there is low
gas velocity or low wall shear stress.25 According to the
theory of the adsorption of gas, the higher the pressure, the
more the adsorbed molecules on solid surface.26 In other
words, more water molecules can be adsorbed on the loca-
tion of scale where there is low wall shear stress. Water
vapor can be easily adsorbed on the defects, such as disloca-
tions, of the oxide scale at the positions of low wall shear
stress, such as the position of 180in, during initial oxida-
tion. A nucleus of nanowire can be formed on the area with
more water molecules in Fig. 5a. Then, water vapor may be
adsorbed on the tip of a nanowire in Fig. 5b and the nano-
wire will continue to grow along the direction of velocity
vectors of the flow gas, as indicated in Fig. 5c.
When the wall shear stress  is high, such as the position
of 180out, low pressure at that area can reduce the adsorbed
water molecules therefore, resulting in the low density of
nanowires. If the oxidation process of a -shaped specimen
occurs in dry air, the formation of nanowires becomes diffi-
cult even at the positions where there is low wall shear stress
due to less adsorbed water molecules.
In summary, we have demonstrated that the local gas-
flow field around  shaped specimens can significantly af-
fect the morphologies of CuO oxide nanowires formed dur-
ing thermal oxidation of copper. Totally no-wire structure,
whiskers, and the high density of well-aligned nanowires can
be formed simultaneously at various positions of -shaped
specimens after the oxidation in flowing wet air. The velocity
vectors of local flow gas affect the growth direction of nano-
wires during oxidation while the wall shear stress controls
the density of nanowires. Nanowires can easily form at po-
sitions, where the wall shear stress is less than 2.5
10−5 Pa. The extremely high density of the well-aligned
CuO nanowires with diameters between 30 and 80 nm and
length of 10 m can be grown on the top position of the
inner side of a -shaped specimen. The density of oxide
nanowires will be significantly reduced, when a -shaped
specimen is oxidized in dry air.
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FIG. 5. Schematic illustration of the effects of the velocity vectors v of
flow gas on the growth of nanowires: a initial oxidation; b water mol-
ecule adsorbed on the top tip of a nanowire, and c nanowire growth along
the direction of velocity vectors of flow gas.
253117-3 Xu et al. Appl. Phys. Lett. 92, 253117 2008
Downloaded 07 Apr 2011 to 158.132.161.52. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
